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Chapter 4   
Highly ordered films of metal-decorated (Cu, Fe) organic-
inorganic cage-like polyhedral oligomeric silsesquioxanes 
 
The building of metals into organized structures is a promising route to chemical, magnetic and 
electronic devices with interesting properties. Here we introduce a layer-by-layer protocol to 
grow metal-decorated organic-inorganic cage-like polyhedral oligomeric silsesquioxanes. Our 




) as linker for the ammonium-functionalized cage-
like polyhedral oligomeric silsesquioxanes (POSSs), which were self-assembled in between 
ararchidic acid (AA) to form highly ordered hybrid structures by using the Langmuir–Schaefer 
(LS) method. In our model for the hybrid layers, the building block consists of two interdigited 
















Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 
polyhedral oligomeric silsesquioxanes 
- 54 - 
 
4.1 Introduction 
Methods to construct well-ordered thin films are of crucial importance in many fields such as 
electronics, catalysis, and nanocomposites.[1]–[13] Moreover, the insertion of a material with 
interesting physical and chemical properties into a suitable ordered host system is a major 
challenge in current materials science and technology. Our focus for the research discussed in this 
chapter was to assemble metal-decorated (Cu, Fe) polyhedral oligomeric silsesquioxanes (POSS) 
in between amphiphilic arachidic acid (AA) to form highly ordered hybrid films. We achieved 
this by combining the Langmuir-Schaefer (LS) deposition method with self-assembly from 
solution. 
POSS are 3-dimentional cage-like highly symmetric frameworks of different shapes and in this 
work we employed the one with cubic structure, usually called the T8 cube, with formula 
(RSiO1.5)8, where R is an organic group covalently attached to the cubical framework. POSS have 
attracted considerable interests over the past few decades due to their versatility for innovative 
research and diverse applications in aerospace[14], microelectronics[15], protective coatings[16], 
dentistry[17], [18], and catalysis[19]. In particular, the functional group R enables the 
incorporation of desired metal ions,[20]–[22], important for catalytic applications such as gas 
separation, hydrogen catalysis, and catalyst supports.[23]–[25]. POSS can be used as inorganic 
component for hybrid materials. For example, J. Choi et al.[26] fabricated bulk organic-inorganic 
hybrids by introducing the cubic silica core as inorganic linker between organic tethers. However, 
the studies focusing on organic-inorganic thin films based on the T8 cube is not very numerous.  
Langmuir-Blodgett (LB)/Langmuir–Schaefer (LS) deposition methods[27] are among the most 
popular techniques to prepare ultrathin molecular films since they provide advantages such as 
precise control of the film thickness, homogeneous deposition on different types of solid 
substrates and the possibility to vary the films composition. In recent years it has been reported 
that POSS derivatives can be self-assembled as monolayers at the air/water interface, and the 
corresponding Langmuir-Blodgett (LB) as well as Langmuir–Schaefer (LS) films have been 
prepared and characterized.[28]  





) in a hybrid film, namely by connecting these positively charged metal decorated 
building blocks with negatively charged arachidic acid molecules. We aimed at investigating the 
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) can lead to different architecture due to the metal coordination of the 
ions.[29]–[31]  
4.2 Preparation method 




) -decorated POSS solution 
The organosilane used in this study was 3-(2-aminoethylamino)-propyltrimethoxysilane 
(AEAPTMOS) purchased from Sigma-Aldrich and used as received. FeCl2.4H2O (99%) was 
purchased from Merck and used as received. CuCl2 (99%) was purchased from Acros and used as 
received. The formation of the octameric oligosiloxane from the hydrolytic polycondensation of 
the monomer occurs after dilution of AEAPTMOS in ethanol/water (14/1 in volume) to give a 
solution of 0.45 M.[32]–[36] 30mL of 0.1 M FeCl2 solution (3 mmol) was added to 20 mL of the 
above solution (9 mmol) upon stirring. The color of the FeCl2 solution turned to dark green, 
which indicated the complexation of the ferrous cations with the amino functional group. After 





. To prepare a solution of Cu
2+
 decorated POSS, 30mL aqueous solution 
of 0.1 M CuCl2 was reacted with 13.5 mL AEAPTMOS (6 mmol) in ethanol/water (14/1 in 
volume). The color of CuCl2 solution turned to dark blue after mixing and stirring for at least 12 
hours before used. 




) -decorated POSS hybrid film 
through Langmuir-Schaefer (LS) method 
Arachidic acid (AA) was purchased from Sigma-Aldrich and used as received. In a separate 
container, a mixture of ethanol and pure water (9:1 in volume) with 0.5 mg/ml of AA was 
prepared for surface modification. Ultra-pure ion free water with a resistivity of greater than 18 
MΩ-cm was used as subphase. The surface pressure–area (∏-a) isotherm measurements and 
deposition of the hybrid LS films were performed by using a Nima Technology thermostated 
612D LB trough at temperature of 23±0.5 oC. Langmuir films were obtained by spreading a 
chloroform solution of AA (0.2 mg/ml). After 30 minutes waiting time for the solvent 
evaporation, the AA molecules were compressed at a rate of 25 cm
2
/min by the movable barriers 
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until the target surface pressure 25 mN/m was reached. The pressure was kept constant during the 
whole deposition process. Before deposition the compressed Langmuir film was kept for 30 
minutes to stabilize.  
The multilayer organic-inorganic hybrid LS films were prepared following three different 
deposition cycles as illustrated in figure 4.1. In the first route illustrated in figure 4.1 (a), after 
every twice horizontal lift of AA layer from LB trough, the substrate moved to contact on a 
bearing solution of the metal-decorated POSS; while in the second route schematically shown in 
figure 4.1 (b), a self-assembled monolayer (SAM) of AA was deposited on top of the double 
layer formed of AA transferred from the LB trough and metal-decorated POSS assembled from 
the corresponding solution; in the third route depicted in figure 4.1 (c),  the hybrid LS films was 
obtained by an alternate repeated deposition of an AA layer from LB trough and a metal-
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Figure 4.1  Three routes for the preparation of the layered hybrid structure containing metal-
decorated (Cu, Fe) organic-inorganic cage-like polyhedral oligomeric silsesquioxanes: (a) a 
modified Langmuir-Schaefer method (Route 1, dip twice into the trough in every cycle, before 
and after the POSS self-assembly step); (b) a modified Langmuir-Schaefer method, similar to 
Route 1 but where a AA self-assembly step replaces the second dip into the trough (Route 2); (c) 
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a modified Langmuir-Schaefer method (Route 3, dip only once into the trough in every cycle, 
before the POSS self-assembly step). 
4.3 Results and discussion 





POSS hybrid film 
To optimize the quality of the films deposited by the Langmuir-Schaefer method，we studied the 
time dependence of surface pressure and the total area covered by the surfactant AA monolayer 
during the deposition process of preparation route 1 and 2, as shown in Figure 4.2. Proof for 
successful transfer of the AA-Cu-POSS and AA-Fe-POSS hybrid films comes from the transfer 
characteristics plotted in figure 4.2 (a) & (b) and (c) &(d) respectively. The pressure remains 
constant during the whole deposition, indicating that the deposition conditions remain stable. 
When the substrate moves into the subphase during each horizontal dip, the trough area reduces 
due to the transfer of part of the Langmuir film from the subphase surface to the substrate, which 
is visible from the sharp step on the curve of the area versus time and a sharp downward peak on 
the curve of pressure versus time in figure 4.2. From the curve of the area versus time in Figure 
4.2, and knowing that the substrate surface area is close to 2.5 cm
2
 it can be seen that the transfer 
ratio is larger than 1 (1.5-1.7) throughout the deposition, indicating that the transfer at each dip 
collects more AA molecules than expected to cover the whole substrate area. Control studies of 
LB and LS deposition of only AA have shown that although the final AA films are identical (as 
proven by XRD) for identical conditions, the film produced by LS always has a transfer ration 
superior to one by ~60%. We attribute this effect to be due to excess material carried in a droplet 
that forms at the surface of the substrates through the breaking of the meniscus after every dip.  
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Figure 4.2 Time evolution of the trough area and of the surface pressure during LS deposition of 
upper panel: AA-Cu-POSS hybrid films through Route 1 (a) and Route 2 (b);  lower panel: AA-
Fe-POSS hybrid films through Route 1 (c) and Route 2 (d). 
4.3.2 XRD patterns of AA-metal-POSS hybrid films 
To understand the structure of the hybrid ﬁlm and to prove the high quality of the layer-by-layer 
deposition, X-ray diffraction studies were carried out. Figure 4.3 shows the specular X-ray 
reﬂectivity of 20-layer thick hybrid films of AA-Cu-POSS and AA-Fe-POSS. Both films were 
prepared following route 1 and 2 described in figure 4.1. The first thing one can conclude from 
the XRD patterns in figure 4.3, is that films deposited following preparation route 2 that involves 
the self-assembly of AA step, are better ordered since there the d001 diffraction peak is sharper 
than for the films where preparation route 1 was followed. That is because by following 
preparation route 2, the even numbered layer of the AA surfactant is formed by spontaneous 
arrangement of AA at the surface of self-assembled monolayer (SAM) solution, while following 
route 2, the even numbered AA layer is formed by ‘flip over’ of AA molecules from the LB 
trough, which will have to overcome more hindrance. Both AA-Cu-POSS and AA-Fe-POSS 
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hybrid films, samples prepared following route 1 and route 2 showed Bragg peaks at the same 
positions. The diffraction peaks of  AA-Cu-POSS film were observed at 2θ=2.30o±0.05o, 4.67±
0.05
o
, and the pattern for AA-Fe-POSS film peaks at 2θ=1.35o±0.05o, 2.54±0.05o, implying 
that, for each type of POSS, the different components deposited following routes 1 and 2 arrange 
in the same way to form layer-by-layer structures. The smallest distance d of the periodic unit 
perpendicular to the film surface was calculated from the position of diffraction peaks by using 
the Bragg formula. The d value found for AA-Cu-POSS films deposited following both route 1 
and 2 was 37.7 ± 0.4 Å, while for AA-Fe-POSS films, the d value was 68.0 ± 0.4 Å.  
 
 
Figure 4.3. X-ray reflectivity patterns of 20-layer thick hybrid films of (a) AA-Cu-POSS and (b) 
AA-Fe-POSS films, deposited following route 1 and route 2 in figure 4.1.  
The length of AA monolayer can vary from 15 to 25 Å depending on the tilting angle which it. 
adopts in the film. Assuming that the AA layer in both cases is tilted in the same way, there is a 
30 Å distance difference that can be explained by the different arrangement of the metal 
decorated POSS layer when using different metals. According to G. Balomenou et al.,[37] the 
height of the POSS layer, indicated as d1 in the lower panel of figure 4.4, is 7.1 Å when the 
flexible side chains take an horizontal orientation, which is the case for AA-Cu-POSS. Kataoka et 
al. [38] prepared a layered organic-inorganic hybrid materials by using alkylammonium 
functional POSS as building block and showed that the distance when side chains take an vertical 
orientation is 17-17.6 Å (indicated as d2 in the lower panel of figure 4.4). Moreover, the metal 
coordination of iron is octahedral and six ligands can be replaced during the formation of the iron 
Chapter 4     Highly ordered films of metal-decorated (Cu, Fe) organic-inorganic cage-like 
polyhedral oligomeric silsesquioxanes 
- 61 - 
 
decorated POSS solution. This fact could explain the increased d value for the film containing the 
Fe-decorated POSS since it is highly possible that during the formation of the iron decorated 













)-POSS films, which explain the X-ray reflectivity results. 





) layer is positive charged and hydrophilic. The AA monolayer on the water surface is 





) layer moves to the LB trough again, the hydrophilic surface of the AA-
POSS layer can interact with the hydrophobic alkyl chains of AA Langmuir film and give rise to 
an X-type structure in the film.[39] However, this type of film is stable only for non-polar 
molecules.[40] For this reason, a “flip over” mechanism has been proposed to form a more stable 
Y-type structure.[41][42] In our case, the “flip over” occurs in every even cycle of deposition of 
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AA layers, no matter whether from the LB trough ( route 1) or from the AA in solution of ethanol 
(route 2). 
4.3.3 GIWAXS patterns of AA-metal-POSS hybrid films 
The ordered structural feature of AA-Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 and 25 
layers) samples prepared following route 1 were analyzed by Grazing-Incidence Wide-Angle X-
ray Scattering (GIWAXS), as shown in figure 4.5. The 2D GIWAXS patterns of samples of AA-
Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 layers) demonstrate good orientational order of 
the corresponding multilayers. While for the 25-layer-AA-Fe-POSS sample, it shows isotropic 
order, which indicating both the AA and POSS layers take different orientations during the 
formation of multilayers. 
 
Figure 4.5 The 2D GIWAXS patterns of AA-Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 
and 25 layers) samples. 
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The corresponding qz scans of AA-Cu-POSS (5 and 25 layers) and AA-Fe-POSS (5 and 25 layers) 
samples are shown below in figure 4.6. In the left panel of AA-Cu-POSS samples, The first order 
reflection peaks of 5 and 25 layers are at 1.81 nm
-1
 and 1.67 nm
-1
, corresponding to the layer 
spacing of 3.45 nm and 3.76 nm respectively. The results is in quite good agreement with the 
XRD results (~3.77 nm for 20-layer of AA-Cu-POSS). In the right panel of AA-Fe-POSS 
samples, considering the first order reflection peaks are not in the range, the second order 
reflection peaks at 1.65 nm
-1
 and 1.85 nm
-1
 can be observed (marked with stars), corresponding to 
the layer spacing of 7.60 nm and 6.78 nm respectively. This is also in good agreement with the 
XRD results (~6.80 nm for 20-layer of AA-Fe-POSS). 
       
Figure 4.6 GIWAXS profiles (qz scan)  of (a) AA-Cu-POSS (5 and 25 layers) and (b) AA-Fe-
POSS (5 and 25 layers) samples. 
4.3.4 Probing the surface of AA-metal-POSS hybrid films by XPS. 




)-decorated POSS in between the 
AA layers and to verify our model proposed above, we performed XPS measurements on samples 
prepared following preparation route 3 illustrated in figure 4.1 (c). XPS can be directly used to 
identify the surface elemental composition of materials. Using a 37
o
 electron take-off angle, 95% 
of the XPS signal is calculated to come from a depth of ~1.1 nm, while the remaining 5% comes 
from deeper in the sample.[42], [43] Therefore, we use this technique to investigate the nature of 
the topmost surface of AA-Metal-POSS hybrid films. Figure 4.7 shows XPS spectra of the C1s 
(used as reference), N1s, Si2p, and Cu2p core level regions collected from AA-Cu-POSS hybrid 
films (a) and of the C1s, N1s, Si2p, and Fe2p core level regions collected from AA-Fe-POSS 
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hybrid films (b). From figure 4.7 (a), it can be clearly seen that the intensities of Cu, N and Si 
peaks change in alternate layers. There are larger amounts of Cu, N, Si in the topmost surface of 
the odd number layers as compared to layers of even number. Since Cu, N and Si stem from the 
Cu-decorated POSS layers, this observation confirms the “flip over” of AA layers.  
 
 
Figure 4.7 X-ray photoemission spectra of (a) 7 to 10 layer thick AA-Cu-POSS hybrid films and 
(b) 11 to 15 layer thick AA- Fe-POSS hybrid films. 
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During the deposition, every second layer of AA will flip to attach to the Cu-decorated POSS 
layer, inducing the alternate dominant contribution from C (from the AA surfactant) or from Cu, 
N and Si (from Cu-decorated POSS layer) in the XPS spectra. From figure 4.7 (b), it is obvious 
that the intensities of N and Si peaks vary in the same way as in figure 4.7 (a), while the intensity 
of Fe peak is always constant with alternate layers. Considering that Fe is 6-coordinated, we 
assume that the POSS cubes in this case have a “blocking effect” that leads to the constant peak 
intensity. In fact, as can be seen in figure 4.4, for AA-Fe-POSS hybrid films, even when the Fe-
decorated POSS layer is on the topmost surface, Fe is still covered by the POSS and that is why 
the intensity of Fe peak does not show the alternate change.  Hence the “flip over” of every 
second AA layer also takes place during the deposition of AA-Fe-POSS hybrid films. 




 decorated hybrid films by 
N1s spectrum 




, we analyzed the XPS spectra of the N1s core 
level region for AA-Cu-POSS and AA-Fe-POSS hybrid films. As can be seen in figure 4.8, the 
nitrogen spectrum of the AA-Cu-POSS hybrid was fitted with three components at binding 
energies of 399.7 eV, 400.9 eV and 401.5 eV. The peak at 400.9 eV, which accounts for 64.5 % 





these positively charged amino groups are connected with negatively charged AA. The peak at 
401.8 eV, which accounts for 23.0% of the total N1s spectral intensity, is attributed to nitrogen 
coordinated with Cu
2+
 ions. The third peak at 399.7 eV, accounting for 12.5 % of the total N1s 
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Figure 4.8 X-ray photoemission spectra of the N1s core level region for hybrid films of (a) AA-
Cu-POSS (b) AA- Fe-POSS. 
Similarly, the nitrogen spectrum of the AA-Fe-POSS hybrid film can also be fitted with three 
components at binding energies of 399.7 eV, 400.9 eV and 402.1 eV, which account for 29.8 % 
17.3 % and 52.9 % respectively of the total N1s spectral intensity, can be assigned to protonated 
nitrogen, N coordinated with Fe
3+
 [44], [45] and free amino groups that exist in the AA-Fe-POSS 
hybrid films. This result confirms the hypothesis that in the case of iron during the synthesis of 
the metal decorated POSS solution, the neutral amines arises due to the formation of a double 
POSS layer during film deposition. 
4.4 Conclusions 





organic-inorganic polyhedral oligomeric silsesquioxanes (POSS) hybrid film in a layer-by-layer 
fashion. A “flip over” of even layers of AA can be observed during the deposition, leading to a 
periodically repeated AA-Cu(Fe) decorated POSS-AA building block. Additionally, the hybrid 
films deposited following route 2 (involving a AA self-assembly process) are structurally better 
ordered than those deposited following route 1. The arrangement of the POSS in the film can be 
controlled via the coordination of the metal ions. Fabrication of hybrid structures comprising 
metal decorated cage-like polyhedral oligomeric silsesquioxanes (POSS) is very appealing for 
application in catalysis, molecular sieves and gas storage. 
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